Zeolites, microporous aluminosilicate minerals, have high affinity to ammonium in water.
mechanisms, respectively. Although the latter is in significant importance especially in practice due to various pH feeds needed to deal with, few reports could be found on the contribution of molecular adsorption to the whole process. In addition, landfill leachates, livestock wastewater, and effluents from anaerobic digestion tanks of livestock manure could contain ammonium greater than 1000 mg-N/L [14] [15] [16] . However, current studies on ammonium adsorption onto zeolite are usually conducted at low ammonium levels (<1000 mg-N/L) [6] [7] [8] 17] .
The objective of this study was to investigate the mechanisms for ammonium adsorption onto zeolite at ammonium concentration of 10-4000 mg-N/L. Contributions of ion exchange and molecular adsorption mechanisms during ammonium adsorption onto zeolite were clarified. Effects of ammonium concentration and solution pH (3.4-11.1) on adsorption behavior were discussed. Accordingly, we identified the rate-limiting steps for adsorption kinetics on natural and modified zeolites. To be specific, the term ammonium is the sum of free ammonia (NH 3 ) and ionized ammonium (NH 4 + ).
Materials and methods

Materials
Two kinds of zeolites were used in this study. One is natural zeolite which was obtained from Shenshi Mine located in Jinyun, Zhejiang Province, China, and was prepared through crushing, sieving (1.43-0.80 mm), washing with deionized water and air-drying at 105±1 ℃ for 6 hours. Another is modified zeolite which was obtained by immersing 5 g of natural zeolite in the flask containing 100 mL of 2 mol/L sodium chloride (NaCl) solution under 35±1 ℃ and 100 rpm in a thermostatic shaker (HZQ-X3000, China) for 24 hours, and then washed with deionized water for three times and dried at 105±1 ℃ for 6 hours.
The feed solutions were prepared by diluting 4000mg-N/L of ammonium chloride (NH 4 Cl) stock solution with deionized water. All chemicals were of analytical grade, and deionized water was used throughout the experiments.
Experimental methods
For each batch adsorption experiment, 2 g of zeolite was firstly added into the flask containing 100mL of a prescribed initial concentration of NH 4 + solution at desired pH level (adjusted using 0.1mol/L HCl or NaOH solution). Then the flask was shaken at specified agitation speed and temperature controlled in the thermostatic shaker (HZQ-X3000, China).
The suspension was finally filtered via 0.45µm filter and the filtrate was analyzed for the target compound(s).
The agitation speed, temperature, initial ammonium concentration, pH, and contact time were the operational parameters investigated in this test. Table 1 lists the detailed conditions for each experiment.
The adsorption performance was evaluated by the amount of ammonium absorbed on per unit mass of zeolite (q in mg-N/g), which could be calculated according to Eq. (1) .
where C o and C e are the initial and equilibrium ammonium concentrations (mg-N/L), respectively. V is the ammonium solution volume (L) and m is the mass of zeolite used (g).
Analytical methods
Identification of mineral species of the zeolites was carried out by X-ray diffraction (XRD, Bruker-D8 Advance, USA) of the random-oriented powder samples. Energy disperses X-ray spectroscopy (EDS, EDAX-TEAM TM EDS, USA) was used to determine the chemical composition of samples. The surface morphology of the zeolites was observed by scanning electron microscope (SEM, Philips-XL30 Electron Microscope, Netherland). The BET specific surface area, pore volume and diameter of zeolite samples were determined at P/P 0 ≥0.995 by nitrogen gas adsorption analyzer (Micromeretics-Tristar 3000, USA).
The concentrations of Na + , K + , Ca 2+ and Mg 2+ in solution were measured by atomic absorption spectroscopy (AAS, Hitachi-Z 5000, Japan). The concentration of ammonium in solution was determined with the Neslerization method [18] . The solution pH was determined by a pH Meter (Hach-HQ11d, USA). All tests were done in duplicate with average data reported.
Results and discussion
Adsorbent characterization
The XRD patterns of the natural and modified zeolites revealed that the main mineral species in the natural zeolite were clinoptilolite-Na (formula: (NaKCa) 5 Table 2 ). In particular, the Na content increased by 192%, while Ca, Mg and K contents decreased by 78%, 60% and 26% respectively after NaCl modification.
Besides, the surface of modified zeolite became rougher and more irregular compared with the original zeolite (Figs. 2(a) and 2(b)). And the BET surface area, total pore volume, and average pore diameter of zeolite were significantly increased after NaCl modification ( Table 3 ). The results indicate that NaCl immersion is an effective means to modify the surface of present zeolite samples.
Effects of agitation speed and temperature
Agitation speed had no noticeable effects on ammonium adsorption capacity after 24
hours testing, but it had great impact on adsorption kinetics, especially during the initial 120 min of testing ( Fig. 3(a) ). Specifically, the ammonium adsorption rate increased from 0.049 mg-N/(g•min) to 0.066 mg-N/(g•min) when agitation speed was increased from 0 to 100 rpm with the increasing trend leveled off at higher agitation speeds. Restated, the external mass transfer resistance from bulk solution to zeolite surface was diminished at >100 rpm agitation speed [7] . This observation indicated that the adsorption was not equilibrated with ion transfer rates at external boundary layers, and the role of surface reaction dominated the process. The results were in accordance with the findings of Erdogan and Ulku [7] and Alkan, et al. [19] . It seemed that the equilibrium adsorption capacity was not distinctively improved by increasing temperature from 25 to 45 ℃. Probably during this process the effective adsorption sites on the zeolite remained unchanged, although ammonium diffusion process may be promoted under higher temperature conditions in which ammonium moves more quickly in solution [19] , water viscosity decreases [20] , and adsorption sites on the zeolite become more energetic.
Based on the above results, the following experiments were carried out under the condition of 100 rpm and 35℃.
Mechanisms of ammonium adsorption onto zeolite
Adsorption isotherm
Adsorption isotherms can be used to reveal how ammonium ions interact with zeolite surfaces [21] . Langmuir isotherm is applied in this study to describe the monolayer adsorption onto the surface of adsorbent, assuming that the number of energetic adsorption sites are homogeneous and can be saturated [11] :
where q max (mg-N/L) and K L (L/mg) are the maximum ammonium adsorption capacity and the equilibrium constant, respectively. C e (mg-N/L) and q (mg-N/g) represent the ammonium concentration in the solution and ammonium adsorption capacity at equilibrium, respectively.
The linearisation of Eq. (2) is given by Eq. (3) C e /q=1/(K L q max )+C e /q max (3)
The Freundlich isotherm assumes that the adsorbent has a heterogeneous surface with non-uniform distribution of adsorption sites. Freundlich parameters can be determined by Eq.
(4) [11] q=K F C e 1/n (4) where K F and 1/n represent the Freundlich capacity coefficient and the Freundlich intensity parameter, respectively. The linearisation of Eq. (4) is Eq. (5) logq=logK F +1/n logC e (5) The parameters for the Langmuir and Freundlich isotherms were evaluated based on the data from present experimental ammonium-zeolite systems ( 
Ion exchange
According to the fundamental of ion exchange between solid and liquid phases [23] , the ion exchange process between zeolite frame and aqueous ammonium solution can be expressed by Eq. (6) Ze-M n+ +nNH 4 + Ze-nNH 4 + +M n+ (6) where Ze and M represent zeolite and the loosely held cations in zeolite, respectively, and n is the number of electric charge.
Assuming that the exchangeable cations in zeolites are Ca 2+ , Na + , K + and Mg 2+ [24] , the ion exchange capacity (IEC) is defined as the sum of exchanged cations as follows: From Fig. 4 , the order of ammonium ion exchange selectivity for cations on the natural zeolite was determined as Na + > Ca 2+ > K + > Mg 2+ , slightly different from results of Watanabe et al. [25] (Na + >> K + > Ca 2+ > Mg 2+ ). This inconsistency is attributed to the difference in chemical compositions of tested zeolites: rather low Ca content in their chosen zeolite. Na + was the dominant cation exchanged with ammonium under lower initial ammonium concentration conditions (less than 500mg-N/L) ( Fig. 4) . With the increase of initial ammonium concentration Ca 2+ started to dominate the ion exchange process after most Na being released, especially at higher initial ammonium concentrations (> 1000 mg-N/L).
Conversely, K + is preferred than NH 4 + in ion exchange sequence for clinoptilolite [ [5] . In the present tests the K + was low in concentration and was slightly increased with initial ammonium concentration. Owing to the strong affinity of K + with zeolite, K + released by ammonium adsorption might be re-adsorbed back to zeolite via exchange with Na + , Ca 2+ or Mg 2+ . After most available sites were covered by ammonium ions, the released K + could not be easily re-adsorbed back so its concentration was increased in solution. The low content in zeolite and high hydrated radius in solution hindered the exchange of Mg 2+ with ammonium ions [26] .
The ion exchange mechanism of ammonium adsorption could be confirmed by comparing chemical composition changes of natural zeolite before and after adsorption ( Table   2 ). Clearly at 1000mg-N/L of ammonium the contents of Na, Ca, K, and Mg of the natural zeolite decreased after reaching the equilibrium of ammonium adsorption.
Molecular adsorption
Ammonium in the bulk solution exists in both ionized and molecular forms. pH and temperature affect the forms of ammonium in solution [27] . When pH<7, more than 95% of the ammonium existed in ionized form (NH 4 + ); when pH approached 11, only about 1% of ammonium was left in ionized form(data not shown). Erdogan and Ulku [7] .
The increase in ammonia removal at increased pH and initial ammonia concentration suggests the interplay of molecular adsorption mechanism. The significance of molecular adsorption was negligible at pH<8. At pH 9.5, 45% and 8.5% of ammonium removal were contributed by free ammonia adsorption under 100 mg-N/L and 1000 mg-N/L, respectively ( Figs. 5(a) and 5(b) ). At pH 11.1, molecular adsorption was the dominant mechanism owing to the absence of ionized ammonium in solution (Fig. 5) . Anyway, the molecular adsorption was of secondary importance and contributed less to the total ammonium removal according to the experimental results under neutral pH conditions. Figure 6 illustrates the kinetic data for natural and modified zeolites at 1000 mg-N/L of initial ammonium concentration. Ammonium adsorption on zeolite proceeded fast, particularly during the initial 100 min of testing, which might be a result of vacant adsorption sites on the zeolites [28] . The equilibrium could be reached in 12 hours ( Fig. 6(a) ).
Kinetic analysis
Compared with the natural zeolite, the modified zeolite exhibited 58% higher in ammonium adsorption capacity and at faster adsorption rate, especially during the first 15 min of adsorption. This observation is attributable to the higher Na ions for modified zeolite than the original zeolite, and the absorbed Na + ions were readily exchanged by ammonium ions on zeolite surfaces. This statement was manifested by the result from AAS analysis showing that about 95% of IEC was Na + under 1000 mg-N/L of ammonium for modified zeolite (data not shown). Additionally, NaCl modification replaced Ca and Mg on zeolite resulting in producing large pores and cavities in the zeolite (Table 3 and Fig. 2 ). So the modified zeolite could have superior adsorption performance than the original zeolite.
Intra-particle diffusion model can be adopted to identify the diffusion mechanism of ammonium adsorption process [29] q t =k d t 1/2 +C (11) where k d is the coefficient of intra-particle diffusion (mg/(g•min 1/2 )). Figure 6 (b) depicts that the intra-particle diffusion model fitted well the experimental data if the whole adsorption process was divided into two linear regions. Hence, the ammonium adsorption process might be described by film diffusion followed by intra-particle diffusion process [30] . The contribution of each rate controlling step in the ammonium adsorption onto zeolite was further analyzed by calculating the film diffusion (D f ) and particle diffusion (D p ) coefficients according to the corresponding models given below [20, 23] :
Film diffusion model:
Particle diffusion model:
where k f =D f C s /C z hr and k p =D p π 2 /r 2 are the rate constants. C S and C z (mg/kg) are the concentrations of ammonium in solution and zeolite, respectively; r is the average radius of zeolite particles (averagely 5×10 -4 m in this study), t is the contact time (min); and h is the thickness of film around the zeolite particle (10 −5 m for poorly stirred solution [20] ).
The best-fit D f and D p values for ammonia adsorption onto the natural and modified zeolites are listed in Table 5 . The D p values for both zeolites were considerably lower than those of D f , indicating that particle diffusion was the rate-limiting step for ammonium adsorption and the ammonium adsorption was mainly occurred at the surface of zeolite with monolayer molecular adsorption. Similar results were reported by mordenite tests [31] and natural Iranian zeolite [20] at low initial ammonium concentrations. Compared with the natural zeolite, the D f and D p values of the modified zeolite increased by 185% and 2.3%, respectively, indicating that NaCl modification could reduce the resistance for mass transfer in film diffusion but have little effects on intra-particle diffusion. Namely, NaCl modification could effectively improve the surface morphology of zeolite particles, but hardly alter the intra-particle structures.
Conclusions
In conclusion, this study discloses the mechanisms of ammonium adsorption onto zeolites at different initial ammonium concentrations (10-4000 mg-N/L) and pH levels (3.4-11.1). The ion exchange mechanism dominated the ammonium adsorption process with the order of exchange selectivity for cations: Na + > Ca 2+ > K + > Mg 2+ . At initial ammonium concentration > 1000 mg-N/L, Ca 2+ exceeded Na + to dominate the ion exchange process owing to depletion of Na in zeolite. Molecular adsorption occurred at alkaline conditions. NaCl modification enhanced ammonium adsorption capacity from 11.0 to 17.3 mg-N/g ( Fig. 6(a) ), mainly being contributed by the increased Na contents in zeolite (192%), and by the increased specific surface (32%) and pore diameter (80%) of zeolite, respectively (Table 3 ). Particle diffusion was the rate-limiting step for the present ammonium adsorption process. The NaCl modification can promote film diffusion significantly through improving the surface characteristics of zeolite. Table 2 Chemical compositions of the natural and modified zeolites before and after ammonium adsorption under 1000 mg-N/L of initial ammonium concentration by EDS (wt% Table 4 Isotherms constants for ammonium adsorption onto the natural zeolite. Langmuir parameters Freundlich parameters q max (mg-N/g) K L R 2 K F 1/n R 2 14.265 0.009 0.993 0.985 0.355 0.973 Table 5 Kinetic constants for ammonium adsorption onto the natural and modified zeolites.
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